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OUR PREVIOUS STUDIES IDENTIFY a biochemical mechanism, called the extracellular 3=,5=-cAMP-adenosine pathway, that involves 3=,5=-cAMP and contributes to the extracellular levels of adenosine (14 -16, 19, 22, 27-31, 37-39) . The extracellular 3=,5=-cAMP-adenosine pathway entails the following four spatially linked sequential steps: 1) receptor-mediated intracellular 3=,5=-cAMP production; 2) active transport of intracellular 3=,5=-cAMP to the cell surface; 3) metabolism of 3=,5=-cAMP to 5=-AMP in the extracellular compartment; and 4) conversion of 5=-AMP to adenosine in the extracellular compartment. Several independent laboratories corroborate the extracellular 3=,5=-cAMP-adenosine pathway in pial microvessels (26) , skeletal muscle (8) , and the gastrointestinal tract (24) , and Müller et al. (41) report the existence of a 3=,5=-cAMP-adenosine pathway in which the sequential conversion of 3=,5=-cAMP to 5=-AMP and 5=-AMP to adenosine occurs on the outwardfacing membrane surface of lipid droplets within adipocytes.
To study in more detail the extracellular 3=,5=-cAMP-adenosine pathway, we developed a high-performance liquid chromatography-tandem mass spectrometry assay to measure 3=,5=-cAMP and other purines (44) ; and, while applying this assay to measure 3=,5=-cAMP in the renal venous perfusate from isolated, perfused rat kidneys, we serendipitously discovered that intact organs make a positional isomer of 3=,5=-cAMP, namely 2=,3=-cAMP (43) . This finding motivates our current hypothesis that there exists, in addition to the extracellular 3=,5=-cAMP-adenosine pathway, an extracellular 2=,3=-cAMP-adenosine pathway. The rationale for this hypothesis is that: 1) stimulation of mRNA turnover involves the actions of multiple RNases that first cleave the phosphodiester bonds in the polyadenine (poly-A) tail of mRNA (54); 2) 2=,3=-cAMP may be the intermediate adenine nucleotide formed by this process (50); 3) transporters, for example, multidrug resistance proteins 4 and 5, rapidly transport cyclic nucleotides out of cells (7, 9, 35) ; and 4) there exist enzymes that could serve as ecto-2=,3=-cAMP-phosphodiesterases and ecto-2=/3=-nucleotidases to hydrolyze extracellular 2=,3=-cAMP to 2=-AMP and 3=-AMP and extracellular 2=-AMP and 3=-AMP to adenosine, respectively (5, 47, 48, 56, 57) . The extracellular 2=,3=-cAMP-adenosine pathway could be important whenever cells are exposed to stressful stimuli that enhance mRNA turnover, to provide the "retaliatory" metabolite, adenosine.
Our recent studies in isolated, perfused rat (33) kidneys corroborate the extracellular 2=,3=-cAMP-adenosine pathway hypothesis by showing that infusions of 2=,3=-cAMP in the renal artery increase levels of 2=-AMP, 3=-AMP, and adenosine in the renal vein, and infusions of 2=-AMP and 3=-AMP increase the concentrations of adenosine in the renal vein. Also, energy depletion increases renal venous secretion of endogenous 2=,3=-cAMP, 2=-AMP, 3=-AMP, and adenosine.
Because renal venous measurements likely reflect vascular metabolism of the 2=,3=-cAMP, the above findings suggest that the extracellular 2=,3=-cAMP-adenosine pathway exists in vascular smooth muscle cells (VSMCs). Indeed, our subsequent studies show that rat preglomerular vascular smooth muscle cells (PGVSMCs) express the extracellular 2=,3=-cAMP-adenosine pathway (32) . Importantly, our investigations also demonstrate that, in rat PGVSMCs, 2=,3=-cAMP inhibits cell proliferation via generation of adenosine that stimulates A 2B receptors (32) .
If 2=,3=-cAMP inhibits proliferation of VSMCs from large conduit arteries, such as aortic or coronary VSMCs, then local production, release, and metabolism of 2=,3=-cAMP could protect the cardiovascular system form atherosclerosis and thrombosis. Accordingly, one goal of the present study was to determine whether VSMCs from conduit arteries metabolize 2=,3=-cAMP to 2=-AMP, 3=-AMP, and adenosine and whether such metabolism is associated with A 2B receptor-mediated inhibition of VSMC proliferation. A second goal was to determine whether human VSMCs are similar to rat VSMCs in this regard. (10) . Human AVSMCs and human coronary artery vascular smooth muscle cells (CAVSMCs) were purchased from Cascade Biologics (Portland, OR). Cells were maintained in culture medium [DMEM-F-12 supplemented with penicillin (100 U/ml), streptomycin (100 g/ml), NaHCO 3 (13 mmol/l), and HEPES (25 mmol/l)] containing 10% fetal calf serum (FCS), plated in tissueculture flasks (75 cm 2 ), and incubated under standard tissue culture conditions. Confluent monolayers were dislodged by treatment with 0.25% trypsin-EDTA solution and passaged further. All experiments were performed in cells in the third to fifth passage.
METHODS

Animals
Cell proliferation studies. [ 3 H]thymidine incorporation (index of DNA synthesis) and cell number (cell proliferation) studies were conducted to investigate the effects of 2=,3=-cAMP and AMPs on cell growth. Briefly, cells were plated at a density of 5 ϫ 10 4 cells/well in 24-well tissue culture dishes and allowed to grow to subconfluence in DMEM-F-12 medium containing 10% FCS under standard tissue culture conditions. The cells were then growth-arrested by feeding DMEM containing 0.4% albumin for 48 h. For DNA synthesis, growth-arrested cells were treated with 2=,3=-cAMP, without or with adenosine receptor antagonists, in DMEM containing 2.5% FCS. After 20 h of incubation, the treatments were repeated with freshly prepared solutions but supplemented with [ 3 H]thymidine (1 Ci/ml) for an additional 4 h. The experiments were terminated by washing the cells two times with Dulbecco's PBS and two times with ice-cold trichloroacetic acid (10%). The precipitate was solubilized in 500 l of 0.3 N NaOH and 0.1% SDS (50°C for 2 h). Aliquots from each were placed in scintillation fluid and were counted in a liquid scintillation counter. For cell number experiments, cells were allowed to attach overnight, were growth-arrested for 48 h, and were treated with 2=,3=-cAMP, AMPs, or adenosine, with or without MRS-1754, in DMEM containing 2.5% FCS. Treatments were repeated every 24 h for 4 days. On day 5, cells were dislodged and counted with a Coulter counter.
Metabolism studies. Cells were washed with HEPES-buffered Hanks' balanced salt solution and incubated with 0.5 ml of Dulbecco's PBS in the presence and absence of various treatments. After 1 h, the medium was collected, heated for 3 min at 100°C to denature enzymes, and then frozen at Ϫ80°C until assayed by mass spectrometry.
Analytical methods. Purines were quantified using a triple quadrupole mass spectrometer (TSQ Quantum-Ultra; ThermoFisher Scientific, San Jose, CA) as previously described in detail (33) .
Statistics. Data from the metabolism studies were not normally distributed, so the results were analyzed statistically using the nonparametric Kruskal-Wallis one-way ANOVA on ranks test, with post hoc comparisons using the Kruskal-Wallis multiple-comparison Zvalue test. Cell proliferation data were analyzed by one-factor or two-factor ANOVA, with post hoc comparisons using a Fisher's least-significant difference test or by Student's unpaired t-test. The criterion of significance was P Ͻ 0.05. All values in text and Figs. 1-10 are means Ϯ SE.
RESULTS
Incubation of rat AVSMCs with 2=,3=-cAMP significantly and concentration-dependently increased levels of 2=-AMP and 3=-AMP, but not 5=-AMP (Fig. 1A) , in the medium. The increases in 2=-AMP and 3=-AMP were of similar magnitude and were accompanied by a significant increase in levels of adenosine in the medium (Fig. 1B) . Incubation of rat AVSMCs with 5=-AMP (prototypical adenosine precursor) significantly and concentration-dependently increased levels of adenosine in the medium ( Fig. 2A) , and this effect was nearly abolished by AMPCP (100 mol/l; ecto-5=-nucleotidase inhibitor) (Fig. 2B ). 3=-AMP (Fig. 2C ) also increased adenosine levels, but, unlike 5=-AMP, the effects of 3=-AMP were not affected by AMPCP (Fig. 2D) . Likewise, 2=-AMP increased adenosine levels ( Fig.  2E ), and this increase was unaffected by AMPCP (Fig. 2F) . Importantly, incubations of human AVSMCs with 2=,3=-cAMP ( Fig. 1 , C and D) and 5=-AMP, 3=-AMP, and 2=-AMP ( Fig. 3 ) produced results that were qualitatively similar to those obtained in rat AVSMCs, indicating no species differences between rat and human cells with regard to the metabolism of 2=,3=-cAMPs or the AMPs.
Incubation of human CAVSMCs with 2=3=-cAMP gave results that were different from both rat and human AVSMCs in one important aspect. Although 2=,3=-cAMP increased 2=-AMP levels in the medium (Fig. 1E) , there was scant production of 3=-AMP (Fig. 1E) . However, as with rat and human AVSMCs, 2=,3=-cAMP did not increase levels of 5=-AMP ( Fig.  1E) but did significantly increase level of adenosine (Fig.  1F ). As in rat and human AVSMCs, in human CAVSMCs, 5=-AMP, 3=-AMP, and 2=-AMP increased adenosine levels and AMPCP blocked this effect of 5=-AMP but not that of 3=-AMP and 2=-AMP (Fig. 4) .
In rat AVSMCs, 2=,3=-cAMP significantly and concentration-dependently inhibited cell proliferation as assessed by either [
3 H]thymidine incorporation ( Fig. 5A ) or cell number (Fig. 5B) . DPCPX, SCH-58261, and VUF-5574 (each at 0.1 mol/l) did not antagonize the inhibitory effects of 2=,3=-cAMP (30 mol/l) on [ 3 H]thymidine incorporation (Fig. 5C ). In contrast, MRS-1754 (0.1 mol/l) significantly, but only partially, attenuated the reduction in [ 3 H]thymidine incorporation induced by 2=,3=-cAMP (Fig. 5C ). Similar to 2=,3=-cAMP, both 2=-AMP and 3=-AMP significantly inhibited proliferation (cell number) of rat AVSMCs (Fig. 6A) . In this regard, 3=-AMP was nearly as potent as 5=-AMP (the prototypical adenosine precursor) and slightly more potent than 2=-AMP. Antagonism of A 2B receptors with MRS-1754 (0.1 mol/l) nearly completely inhibited the antiproliferative effects of 30 mol/l of 2=-AMP (Fig. 6B ), 3=-AMP (Fig. 6C) , and 5=-AMP (Fig.  6D) . Figure 6E confirms that adenosine (30 mol/l) inhibits proliferation in rat AVSMCs and that this effect is fully prevented by MRS-1754 (0.1 mol/l).
As in rat AVSMCs, in human AVSMCs, 2=,3=-cAMP significantly and concentration-dependently inhibited cell proliferation as assessed by either [ 3 H]thymidine incorporation (Fig. 7A ) or cell number (Fig. 7B) . Likewise, DPCPX, SCH-58261, and VUF-5574 did not antagonize the inhibitory effects of 2=,3=-cAMP on [ 3 H]thymidine incorporation (Fig. 7C ), yet MRS-1754 (0.1 mol/l) partially, but significantly, attenuated the reduction in [ 3 H]thymidine incorporation induced by 2=,3=-cAMP (Fig. 7C) . Also as in rat AVSMCs, in human AVSMCs, 2=-AMP and 3=-AMP significantly inhibited proliferation (cell number) (Fig. 8A) , again with 3=-AMP being nearly as potent as 5=-AMP and slightly more potent than 2=-AMP. As in rat AVSMCs, in human AVSCMs, antagonism of A 2B receptors with MRS-1754 abrogated the antiproliferative effects of 2=-AMP (Fig. 8B ), 3=-AMP (Fig. 8C) , and 5=-AMP (Fig. 8D) . Figure 8E confirms that adenosine inhibits proliferation in human AVSMCs and that this effect is fully prevented by MRS-1754.
The results with 2=,3=-cAMP ( Fig. 9 ) and with 2=-AMP, 3=-AMP, 5=-AMP, and adenosine ( Fig. 10) on proliferation of human CAVSMCs were qualitatively similar to the results for both rat and human AVSMCs.
DISCUSSION
The present study demonstrates that VSMCs from conduit arteries metabolize extracellular 2=,3=-cAMP to 2=-AMP or 3=-AMP, which are subsequently metabolized to adenosine. Therefore, this investigation confirms the existence of the 2=,3=-cAMPadenosine pathway in VSMCs from conduit arteries. Moreover, this study verifies that this biochemical mechanism exists in conduit VSMCs obtained from both rats and humans and occurs in VSMCs from both the aorta and coronary arteries.
Importantly, 2=,3=-cAMP does not increase the levels of 5=-AMP in the medium, as would be expected since the 5=-hydroxy position in 2=,3=-cAMP is not involved in the phosphodiester bond of this cAMP isomer. Nonetheless, this is a noteworthy finding because this anticipated negative result increases confidence that the observed effects of 2=,3=-cAMP on 2=-AMP and 3=-AMP levels are not merely procedural or analytical artifacts unrelated to the metabolism of 2=,3=-cAMP. Also, because 5=-AMP does not increase with application of 2=,3=-cAMP, even though in these cell types 5=-AMP is converted to adenosine more efficiently than are 2=-AMP and 3=-AMP, 5=-AMP cannot be the source of the increased levels of adenosine with application of 2=,3=-cAMP.
Recent studies by Rao et al. (42) reveal at least six different enzymes that hydrolyze 2=,3=-cAMP to 3=-AMP, and decades of research confirm the existence of 2=,3=-cAMP-3=-phosphodiesterase, an enzyme that metabolizes 2=,3=-cAMP to 2=-AMP (49, 53) . Whether these enzymes are involved in the metabolism of extracellular 2=,3=-cAMP to its corresponding AMPs is unknown, and there are currently no selective inhibitors to test this hypothesis. The fact that 2=,3=-cAMP is metabolized to both 2=-AMP and 3=-AMP in rat and human AVSMCs but is converted predominantly to 2=-AMP in human CAVSMCs suggests that the metabolism of extracellular 2=,3=-cAMP is a highly regulated process.
With regard to the metabolism of the AMPs, ecto-5=-nucleotidase, a well-characterized ectoenzyme also known as CD73, metabolizes extracellular 5=-AMP, the prototypical adenosine precursor, to adenosine. The present study demonstrates that rat AVSMCs, human AVSMCs, and human CAVSMCs ro- bustly metabolize extracellular 5=-AMP to adenosine and that AMPCP, a selective inhibitor of CD73, practically abolishes the conversion of 5=-AMP to adenosine. However, unlike 5=-AMP, AMPCP does not affect the metabolism of either 2=-AMP or 3=-AMP to adenosine. These findings indicate that, in these cell types, CD73 mediates the conversion of extracellular 5=-AMP to adenosine but does not catalyze the conversion of extracellular 2=-AMP or 3=-AMP to adenosine. This suggests the existence of ectonucleotidases distinct from CD73 that catalyze the metabolism of 2=-AMP and 3=-AMP to adenosine. Importantly, in both AVSMCs and CAVSMCs, 5=-AMP is metabolized to adenosine more rapidly than are 2=-AMP or 3=-AMP. Thus, during cellular injury, CD73 may function to supply adenosine rapidly from 5=-AMP, and other ectonucleotidases may afford adenosine more slowly but sustainably from 2=-AMP and 3=-AMP.
The metabolism of extracellular 2=,3=-cAMP to 2=-AMP, 3=-AMP, and adenosine may be more than just a biological curiosity. Importantly, in all three cell types, 2=,3=-cAMP, 2=-AMP, and 3=-AMP potently and efficaciously inhibit cell proliferation. Most likely, the antiproliferative effects of 2=,3=-cAMP, 2=-AMP, and 3=-AMP are mediated, at least in part, by metabolism to adenosine. The evidence for this conclusion is that MRS-1754 attenuates the antiproliferative effects of 2=,3=-cAMP, 2=-AMP, and 3=-AMP. Because MRS-1724 is a selective A 2B antagonist (34), these results imply that adenosine produced by metabolism of 2=,3=-cAMP and its corresponding AMPs inhibits cell proliferation in VSMCs from conduit ar- teries via A 2B receptors. The observation that blockade of A 1 , A 2A , and A 3 receptors does not affect the antiproliferative effects of these compounds further supports a role for the A 2B receptor. The dissociation constants (K i ) of DPCPX, SCH-58261, MRS-1754, and VUF-5574 for their respective receptor subtypes are very similar and between 0.5 and 4 nmol/l (34, 52) . In our study, we used a concentration of 100 nmol/l, which is at least 25-fold greater than the K i for each antagonist. Therefore, the concentrations were more than adequate. This was confirmed by the fact that MRS-1754 blocked all of the effects of a high concentration of adenosine. These results are consistent with our previous findings that adenosine, via A 2B receptors, exerts antiprolifertive effects in a number of other cell types (10, 12, 13, 17, 18, 20, 21) and the very recent findings by Mayer et al. (36) that adenosine, again via the A 2B receptor, induces antiproliferative effects in human CAVSMCs (as also observed in our study). In contrast to the effects of adenosine in human CAVMSCs, adenosine stimulates proliferation of pig CAVSMCs via activation of A 1 receptors (46) . Most likely, this represents an important species difference in adenosine receptor subtype expression in human vs. pig CAVSMCs.
Although 100 nmol/l of MRS-1754 attenuates the antiproliferative effects of 2=,3=-cAMP, this concentration of MRS-1754 does not completely prevent these effects of 2=,3=-cAMP on cell proliferation. This cannot be due to the use of insufficiently high concentrations of MRS-1754 because 100 nmol/l of MRS-1754 abolishes the antiproliferative effects of 2=-AMP, 3=-AMP, 5=-AMP, and adenosine. Consistent with our previous findings in microvascular VSMCs (32), we must conclude that, in conduit VSMCs, 2=,3=-cAMP inhibits cell proliferation not only by an adenosine/A 2B receptor mecha- nism but also by a mechanism not involving adenosine or adenosine receptors.
It is noteworthy that the antiproliferative effects of 2=,3=-cAMP are profound, generally inhibiting proliferation by ϳ50% at a concentration of 100 mol/l. Importantly, even very low concentrations of 2=,3=-cAMP can inhibit cell proliferation (levels Ͻ1 mol/l). Degradation of mRNA (the source of 2=,3=-cAMP) likely could achieve such concentrations of 2=,3=-cAMP in the local cellular environment. Partial support for this conclusion is provided by the following calculation. In general, mRNAs have a poly-A tail of ϳ150 adenine repeats (2) . Moreover, mRNA degradation begins with RNase-mediated hydrolysis of the poly-A tail (54) . Because a typical mammalian cell contains 363,000 molecules of mRNA (2), a typical mammalian cell would house 5.445 ϫ 10 7 potential molecules of 2=,3=-cAMP stored in the poly-A tails of mRNA. Dividing this potential store of 2=,3=-cAMP by Avogadro's number (6.022 ϫ 10 23 ) gives 0.9042 ϫ 10 Ϫ16 mol/cell. Because the average mammalian cell has a water volume of 2.800 ϫ 10 Ϫ12 l (3), the potential concentration of 2=,3=-cAMP achieved in a mammalian cell by mobilizing the 2=,3=-cAMP stored in the poly-A tails of mRNA would be 32.29 mol/l. Furthermore, the average mRNA is 1,500 bases in length (2) , and ϳ25% of these bases are adenine. Thus there would likely be 1,500 ϫ 0.25 ϫ 363,000 ϭ 1.361 ϫ 10 8 potential molecules of 2=,3=-cAMP in the non-poly-A tail portion of mRNAs. If these potential stores of 2=,3=-cAMP were also released, then the concentration of 2=,3=-cAMP would increase by another 80.71 mol/l. Each cell then has the capacity to produce a total Although a cell may have the capacity to produce Ͼ100 mol/l of 2=,3=-cAMP, most likely only a fraction of this level would be produced because degradation of mRNA would only be partial, and salvage pathways may consume some of the mRNA degradation products. On the other hand, because adenosine formation from 2=,3=-cAMP would occur in the biophase of the external cell membrane, levels of adenosine generated from this pathway could be quite high at the site of action. Although the ideal way to test our hypothesis would be to measure 2=,3=-cAMP (and adenosine generation by 2=,3=-cAMP metabolism) in the biophase next to the external surface of cell membranes, such experiments are currently beyond our technical reach. However, based on pharmacological evidence, efflux of 3=,5=-cAMP from VSMCs during stimulation of adenylyl cyclase is sufficient to inhibit VSMC proliferation via conversion of 3=,5=-cAMP to adenosine with activation of A 2 receptors (19) . Also, exogenous 2=,3=-cAMP (via conversion to adenosine with activation of A 2 receptors) is more potent than exogenous 3=,5=-cAMP with regard to inhibiting VSMC proliferation (32) , and tissue injury can increase the concentration of 2=,3=-cAMP exiting a vascular bed to levels that are 100-fold greater than the levels of 3=,5=-cAMP (33) . Because the cellular efflux of endogenous 3=,5=-cAMP can inhibit VSMC proliferation and because extracellular 2=,3=-cAMP is more potent than extracellular 3=,5=-cAMP with regard to inhibiting proliferation and tissue injury can increase extracellular 2=,3=-cAMP to 100-fold the levels of 3=,5=-cAMP, we conclude that the biophase levels of 2=,3=-cAMP near the cell membrane during cellular injury are very likely high enough to exert an effect. Nonetheless, the pathophysiological significance of our findings will remain uncertain until an approach is devised to block the formation of 2=,3=-cAMP or its metabolism to adenosine.
What might be the physiological, pathophysiological, or pharmacological significance of 2=,3=-cAMP-induced inhibition of cell proliferation? Atherosclerosis is associated with increased proliferation of VSMCs in large arteries, particularly in the coronary circulation. Thus processes that inhibit proliferation of VSMCs would reduce the progression of macrovascular disease. It is conceivable that injury to blood vessels releases sufficient 2=,3=-cAMP to inhibit cell proliferation. Such locally formed 2=,3=-cAMP could afford protection against vascular lesion formation. From a pharmacological perspective, it is important to note that one class of drugeluting stents employs rapamycin. Rapamycin accelerates mRNA breakdown (4, 6, 25) and increases the formation of 2=,3=-cAMP (33) . It is conceivable that the ability of rapamycin to inhibit the formation of neointimal hyperplasia following balloon angioplasty with stenting is in part via local vascular formation of 2=,3=-cAMP, which would inhibit proliferation of VSMCs in the intima. In support of this hypothesis, the results of the present study suggest that human CAVSMCs are the most sensitive to the antiproliferative effects of 2=,3=-cAMP.
If the antiproliferative effect of the 2=,3=-cAMP-adenosine pathway acts to inhibit atherosclerosis, what would this mean for conditions where angiogenesis/vasculogenesis might be desirable (e.g., myocardial ischemia, peripheral arterial disease)? Importantly, in addition to protecting against abnormal/ harmful accumulation of VSMCs in injured blood vessels by inhibiting VSMC proliferation, adenosine also promotes angiogenesis (1) and vasculogenesis (40) . Regarding the proangiogenic effects of adenosine, this nucleoside increases VEGF production by vascular cells (23) and stimulates vascular endothelial cell proliferation (11) . With regard to new blood vessel formation, adenosine facilitates vasculogenesis by promoting adhesion of endothelial progenitor cells to vascular endothelium (45) . Finally, adenosine enhances the vascular endothelial cell barrier (51) . Thus the fact that adenosine inhibits abnormal VSMC proliferation does not translate into compromised angiogenesis/vasculogenesis. Rather, the inhibition of VSMC proliferation may facilitate angiogenesis/vasculogenesis by allowing endothelial tube formation to proceed without being impaired by premature proliferation of VSMCs.
In summary, 2=,3=-cAMP inhibits proliferation of VSMCs from rats and humans and from the aorta and coronary arteries. This effect is due in part to metabolism of 2=,3=-cAMP to adenosine (via 2=-AMP or 3=-AMP), with engagement of the A 2B receptor. However, only a portion of the effects of 2=,3=-cAMP on VSMC proliferation is mediated by adenosine. Endogenous 2=,3=-cAMP may play an important role to protect against macrovascular disease, and drugs that augment 2=,3=-cAMP formation may find utility in the prevention and treatment of vascular disorders.
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